leading to a delicate control on the particle size distribution. A similar effect is achieved by 12 increasing the total flow rate, assuming that the Dean number is above ~5, while no effect of 
by enhancing micromixing rely on the use of capping ligands that not only facilitate the size 1 control of nanoparticles but also avoid their random growth due to agglomeration. However, particles can then be stabilized using the most appropriate method aligned to their final 16 applications, e.g. by using supports in heterogeneous catalysis 29, 30 . In this paper we 17 demonstrate the synthesis of narrow sized silver nanoparticles by narrowing the residence 18 time distribution and promoting radial mixing by modifying the reactor geometry. In this where r is the inner radius of the tube, R is the radius of the helix and Re is the Reynolds 4 number.
5
Using a combination of experimental data and fluid dynamic simulations, this paper reports 6 the synthesis of silver nanoparticles on helical reactors in the absence of capping ligands, 7 investigating the effect of curvature and torsion as well as the effect of flowrate on the final 8 silver particles size and polydispersity. We show that the micromixing enhanced by secondary 9 flows in helical reactors plays a more critical role on the particle dispersity than narrow reactor parameters, such as helix diameter, pitch distance, and tubing length. In a typical 5 synthesis, freshly prepared sliver nitrate solution (0.1 mM) and sodium borohydride solution 6 (0.6 mM) were introduced into the helical reactor using syringe pumps (Pump 11 Elite, 7 Harvard Apparatus) with a fixed flow rate ratio, Q AgNO3 :Q NaBH4 = 1:1, at 60 o C using a T mixer 8 (ETFE, 0.508 mm thru hole, 2.9 μL swept volume, IDEX Health & Science LLC.). Large excess of 9 NaBH 4 with a molar ratio of 1:6 was used in all cases to avoid any changes on the reduction 10 kinetics due to the NaBH 4 potential hydrolysis. An IKA RCT basic stirrer hotplate, equipped
11
with an IKA ETS-D5 temperature controller (uncertainty of ± 0.1 K) and a continuously stirred 12 water bath were used to control the reaction temperature by immersing the reactors. The shows a schematic of the reactor system. To eliminate the contribution of outside 17 UV-radiation in the reaction kinetics, the whole system is kept in dark during the synthesis 18 process. No silver layer was observed with naked eyes in the inner wall of the tubing. Characterization of silver nanoparticles The numerical simulation of the flow in the different reactors was performed using 1 ANSYS-Fluent (ANSYS, R16.0). The computational meshes were generated in ICEM CFD, with 2 the total grid numbers ranging from 5,000,000 to 7,000,000 depending on the geometry. A 3 representative geometry and cross section mesh of the channel is shown in Figure 2 . In this 4 study, the stopping criterion for residual convergence was set to 1e -7 due to the complexity of proportional to the velocity magnitude at that point, was adopted in this work. The model 12 was validated against the known numerical solution for Hagen-Poiseuille flow in straight tubes.
13
The total particle number is larger than 700,000 in order to achieve a statistically significant 14 sampling.
15
Figure 2. Typical helical tube geometry and a cross section mesh of the channel.
9
Results and discussions excess to achieve full reduction of the silver precursor 35 .
10
The formation of silver nanoparticles consist of the sodium borohydride reduction of silver reduce the formation of hydrogen gas which ensures a single-phase system in the 16 microreactor and also helps to improve the stability of the nanoparticle colloid solution.
17
Generally speaking, the formation of silver nanoparticles in microreactor follows the LaMer 18 mechanism 34 . AgNO 3 solution and NaBH 4 solution were mixed in the T-mixer where the 19 reduction and nucleation starts. Following nucleation, particle growth proceeds in the 20 microtube mainly by addition of the monomer to the particle surface, and particle growth 21 due to coalescence is minimized due to the laminar flow in microtube and the presence of despite its rate being very slow under the studied conditions. 14 15
Full reduction conversion of silver within the reactor boundaries is essential to demonstrate to its minimum, in this case, the outlet of the reactor was introduced into an ice-cooled 3 solution to avoid droplet formation, quench any further reaction and reduce particle mobility.
4
As explained in the experimental section, the absence of organic capping ligands during these 5 synthesises considerably complicates the imaging of the particles. Under these conditions, it 6 is necessary to stabilize particles post-synthesis to avoid the onset of drying artifacts and 7 post-synthesis agglomeration and thereby allowing the preservation of the in-situ colloidal 8 features of the nanoparticles to be observed by microscopy. In this work, we have followed a 9 previously reported stabilization protocol using a bovine serum albumin protein solution 33 .
10
Alternatively, and to avoid any unforeseeable post-synthesis agglomeration to interfere with 11 the conclusions of this work, we propose the Mie model as a predictive tool for the particle 12 size distribution by fitting the UV-Vis spectra taken immediately after the nanoparticle wave by a homogeneous sphere 39 . It has previously been successfully applied to estimate 16 average particle size of gold nanoparticles in solutions 40 . Input parameters are the particle 17 size and the optical functions of the particle material and the surrounding medium. The 18 extinction cross section is calculated from the Mie theory for particles with radius R:
where the function Re gives the real part of the complex number a L + b L ,
where m = n/n m, n denotes the complex index of refraction of the particle and n m denotes the which is 1.39⋅10 6 m s -1 for silver. A is an empirical parameter which needs to be corrected by 11 correlating the particle radius from TEM images and the calculated particle radius when A = 1.
12
The agreement between particle size distribution calculated by TEM in Figure 3 for the silver 13 particles synthesized at different residence times and the overlap of their respective UV-Vis 14 spectra in Figure 4 has allowed us to correct the parameter A based on the model previously 15 validated and published by Amendola et al. 40 for gold system:
where R exp is the radius measured by TEM images, and R calc is the radius calculated using Mie 
where A is the corrected parameter which will be used in Equation (5), and R is the radius of 1 nanoparticles. This equation was adopted for all the Mie fittings discussed below. Figure 6 by the 9 overlap of the experimental UV-Vis spectra and TEM particle size distribution and the 10 estimated ones using the described Mie model. The differences are associated to the use of a 11 lognormal distribution by the Mie model which not always aligns to the experimental 12 observations. Despite this, this approach of using Mie theory as a predictive size distribution 13 tool allows fast and real-time monitoring of metal nanoparticles. Effect of helical reactor geometry on particle size distribution in the absence of capping ligands
7
To demonstrate the effect of the geometry of helical rectors for the synthesis of silver 8 nanoparticles in the absence of organic capping ligands on the resulting size control, a series 9 of helical reactors were built with the aid of stereolithography 3D printing tools with varying
10
(helix diameters and pitch distances in order to vary the dimensionless curvature and torsion 11 as defined in Equations (8) and (9).
where r is the inner radius of the tube, R is the radius of the helix and p s is the pitch distance
14
(vertical distance per radian).
15
Firstly, silver nanoparticles were synthesised in helical reactors with helix diameters of 14, 28
16 and 100 mm. The tubing length and pitch distance were fixed as 130 cm and 1/π mm 17 respectively and a total flow rate of 0.7 mL min -1 . UV-Vis spectra of the corresponding silver nanoparticles suspension are shown in Figure 7 , it can be seen that as the helix diameter 1 increases from 14 mm to 100 mm, the peak absorbance of the spectra decreases from 0.768 2 to 0.639 a.u. due to the presence of larger particles in the former case. In agreement with this,
3
the FWHM values increases from 49.8 to 70.6 nm as the helix diameter increases suggesting 4 the broadening of particle size distribution as the curvature of the reactor decreases. 
10
Mie theory was used to predict the particle size and the size distribution by fitting of the 11 corresponding UV-Vis spectra of the silver particles solutions as explained above (Figure 8 ).
12
The average particles size and polydispersity increases from 4.97 ± 0.17 nm, 6.34 ± 0.48 nm to It is important to note here that the reactor with the bigger helix diameter of 100 mm was 1 intended to simulate, from a practical point of view, a straight reactor where it can be 2 observed that a considerable broader particle size distribution is achieved as well as a larger proportional to the velocity magnitude at the point 43 . This method was programmed in 5 MATLAB and integrated in ANSYS Fluent. Since the flow is steady and fully developed before 6 particle injection, the normalized residence time distribution of a laminar flow is independent 7 on the channel length. Figure 12 shows a considerable narrower residence time distribution 8 in the helical reactor compared to the equivalent straight reactor. Additionally, the 9 appearance of the first particles at the outlet of the reactor is slightly delayed in helical 10 reactors compared to straight ones as the mean velocity value slightly decreases as discussed
11
above. This will consequently narrow the particle size distribution of the silver nanoparticles, suggesting that the effect of secondary flows in promoting the mixing and consequently fast 15 nucleation (as discussed above) is the dominating factor to achieve a narrow particle size Similarly to the helix diameter of the reactor, the effect of the pitch distance was investigated.
5
For this, three different helical reactors were built with pitch distances of 1/π, 2.5/π, and 5/π 6 mm. In all cases, the reactor length and helix diameter were fixed as 60 cm and 14 mm 7 respectively. To provide context, one should note that the pitch distance of a straight reactor 8 is infinite while in a toroidal tube, the pitch distance is zero. The synthesis of silver 9 nanoparticles was carried out in all the systems under the same condition than above (total 10 flowrate of 0.7 mL min -1 , AgNO 3 /NaBH 4 molar ratio of 1:6, 60 °C). The corresponding UV-Vis 11 spectra of the silver nanoparticles solutions are shown in Figure 13 . It can be observed that 12 the peak absorbance decreases slightly with the increasing of pitch distance, however, the Their corresponding particle size distribution by fitting the UV-Vis spectra using the Mie's 7 model also show the similitudes of average particle size and polidyspersity obtained with the respectively. These observations suggest that the pitch distance in helical reactors has a 12 negligible effect on the resulting particle size distribution in the studied experimental range. show a similar radial mixing achieved in the range of pitch distances studied herein, leading to 6 negligible changes in the resulting silver particle size distribution. 
9
helix diameter: 14 mm, and helix diameter: 1/π mm with an AgNO3 /NaBH4 molar ratio of 1:6.
11
The degree of the secondary flow vortexes in helical tubes is normally quantified by the 12 dimensionless Dean number (Equation (1)), where both the curvature of the helical reactor
13
(given by the helix diameter and the pitch distance) and the flowrate have an effect. Figure   14 18a shows a clear relationship between Dean number and average particle size and 15 distribution of silver nanoparticles. As the Dean number increases, the particle size decreases between Dean numbers and average particle size and distribution are valid independent how 4 such Dean value is achieved. Contrary to this, Figure 18b shows the lack of relationship 5 between the Reynolds number and the average particle size and distribution. In a similar way 6 than above, two set of data are shown in the graph where silver nanoparticles are synthesized 7 in helical reactors with similar Reynolds numbers but different curvature (data represented by 8
•) leading to very different average particle sizes and more importantly size distributions. This 9 observation suggests that the particle size and particle size distribution is not only a function 10 of Reynolds number. Furthermore, it is important to note here that very small values of
11
Reynolds number will also lead to a very poor mixing at the T-mixer entrance of the reactor,
12
promoting non-homogenous nucleation. 
